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KATDOmt AOTISORY OOMHOTSB FOR AXMRMDTXCB 

HEsamcH uaußsaam 

nWKSTIOATIOH OF THRUST AUCMEHTATIOll 07 A 1600-FOURD 

THBBBT CnrUUJWGAL-rLOW-WPE TURBOJET JtWIMB 

BI UWECTIOH OF EEEBICBBAHTS AI 

COMPRESSOR INLETS 

Bjr William L. Jones and Barry W. 

SUMttFI 

The performance of & centrifugal-flow-type turbojet engine 
(having a normal military ratlag of 1600-lb thrust at a rotor 
speed of 16,500 rpm), baa been investigated at zero flight «peed 
with lnjeotlon of refrigerants at the compressor inlets, lbs 
largest part of these investigations vas devoted to the lnjeotlon 
of water and vater-alcohol mixtures; brief investigations «ere 
also oonduoted with the lnjeotlon of kerosene and carbon dioxide. 

The engine performance with the injection of water was inves- 
tigated over a range of rotor speed«. Three different exhaust- 
nozzle sizes were used in order to evaluate the thrust augmentation 
possible when an adjustable-area exhaust nozzle is used. Various 
Mixtures of water and alcohol were injected for a range of total 
flows up to 2.2 pounds per second. The runs with kerosene injected 
Into the compressor inlets covered, a range of injected flows up to 
approximately 30 percent of the normal engine fuel flow and were 
conducted over a range of rotor speeds. The carbon dioxide was 
Injected in snow form from standard 75-pound fire-extinguisher 
bottles and Its use was investigated both alone and with the 
Injection of water and alcohol. 

The lnjeotlon of 2.0 pounds per second, of water alone would 
provide a thrust augmentation of 55.8 percent at rated engine 
conditions for operation with an adjustable-area exhaust nozzle. 
A maximum thrust augmentation at zero flight speed of 4U percent 
vas indicated at rated engine conditions for operation with an 
adjustable-area exhaust nozzle by Injection of 1.6 pounds per 
second of water and 0.4 pound of alcohol per second. The injec- 
tion of kerosene produced a negligible increase in thrust. A 
thrust augmentation of 23.5 percent was obtained with the injection 
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of 4.6 pounds par second of carbon dloxldo alone. The injection of 
S.S pound» per second of carbon dioxide with a Mixture of water and 
aloohol provided a thruat augmentation of 36 percent, 16 percent of 
union vaa contributed by the carbon dioxide. 

ENTROIXJCTIOH 

Thrust augmentation of turbojet enginea to proTlde Improved 
take-off, climb, and high-speed flight eharacterlstloa la of impor- 
tance In Increasing the effectiveness of the application of turbojet 
engines to both civilian and military aircraft. One of the methods 
of Increasing the thrust of the turbojet engine Is by the injection 
of refrigerants at the compressor inlets. This method Increases 
the density of the air and the compressor Nach number. The increased 
density gives a higher mass flow through the engine and the increased 
compressor Mach number yields a higher pressure ratio across the 
compressor. Both of these factors increase the thrust of the engine. 

As part of a general research program being conducted at the 
HACA Cleveland laboratory to investigate various methods of thrust 
augmentation, the performance of a centrifugal-flow-type turbojet 
engine at zero flight speed and sea-level conditions with injection 
of water and water-aloohol mixtures has been determined. For the 
Investigation reported, which was conducted during the fall of 1944, 
various mixtures of water and alcohol were used over a range of 
Injected liquid flows. The engine performance with Injection of 
water waa determined over a range of rotor speeds; the use of water- 
aloohol mixtures waa Investigated at two rotor speeds. Three dif- 
ferent exhaust-nozzle sizes were used in order to evaluate the 
thrust augmentation possible if an adjustable-area exhaust nozzle 
were used. 

The investigation with injection of water-alcohol mixtures 
was of Importance because of: (a) the provision in the injected 
mixture of the extra fuel that Is required for operation with water 
Injection; (b) the possibility of choosing a mixture that would 
eliminate the need for adjustment of the fuel throttle during 
Injection; and (c) the low freezing temperature of water-alcohol 
mixtures. 

In addition to the Investigation of engine performance, with 
water and aloohol injection, brief Investigations were also conducted 
with the Injection of kerosene and carbon dioxide. - The investigations 
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with kerosene injeotion oswnd a range of Injected flow» up to 
approximately 30 percent of the normal fuel flow and were ooaduoted 
oTer a range of rotor epeeda. She carbon dioxide waa injected la 
anew form from etandard 75-pound fire-extinguisher bottles and lta 
uae waa investigated both alone and In conjunction with the Injec- 
tion of water and aloohol. 

APFAKATOS 

General Setup 

The general arraageaent of the teat aetup la ahowa In figure 1. 
She inveatigatlone were conducted on aa 1-16 turbojet engine (normal 
rating, 1600-lb thrust) that was rigidly mounted on a framework 
auapended from the celling of the test cell by four rods supported 
by ball-bearing pivots. Ihe tail pipe of the engine extended through 
an air seal In the outside wall of the test chamber. All supply 
lines to the engine were of flexible hose in order that restraining 
forces would be at a minimum. Lateral movement of the engine and 
the. frame was prevented by means of ball-bearing guide rollers. 
Ihe thrust exerted by the suspended engine was transmitted by a 
oranklever arrangement to the diaphragm of a calibrated balanced 
pressure cell. Measurement of the balancing pressure provided an 
Indication of the engine thrust. The fuel flow (keroaene) to the 
engine waa measured by calibrated rotameters. A Chronometrie 
tachometer was used to measure the rotor speed. The air supply to 
the engine entered the nearly airtight test chamber through an 
18-inch throat-diameter A.S.M.E. etandard air-measuring nozzle. A 
diffuser, which had an area ratio of 4, waa connected to the nozzle 
la order to convert the velocity pressure at the nozzle throat to 
static pressure in the test cell. The cell leakage, which was 
found by calibration to be less than 0.3 percent of the total air 
flow, was added to the measured air flow. 

An aluminum cowl and a wooden inlet-air nozzle were Installed 
oa the engine to restrict the Inlet-air flow to an area In which 
the temperature could be accurately measured. 

Injection Equipment 

Water and alcohol Injection. - Water and alcohol mixtures war* 
lnjaoted through twenty 37.5-gallon-per-hour spray nozzles connected 
to a oo—OB manifold, aa shown In figure 2. Iwn nozzles wer« equally 
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•paced around each ooapreaaor-lnlet screen, «rter and aloohol flova 
ware measured by eallteatad orlfloea. The aloohol used in these 
Investigations was approximately 50-percent methyl and 50-pereent 
ethyl by weight. 

Kerosene injection. - For the Injection of kerosene, the engine 
fuel system waa so revised that both the fuel Injected into the com- 
preaaor and the fuel supplied to the engine burner nozzles paaaed 
through the overspeed governor. Separate throttles vere provided 
for each fuel line. The kerosene was injected into the compressor 
Islets through twenty 6.5 •gallon-par-hour spray nozzles Installed 
In the same manner as the water-alcohol injection nozzles. The 
total flow of kerosene to the engine was measured by a calibrated 
rotaneter. The injected kerosene flova at tha compressor inlets 
were determined by a flow calibration of the Injection nozzles. 

Carbon-dioxide Injection. - The additional equipment required 
for the injection of carbon dioxide is shown in the foreground of 
the photograph presented in figure 3. (The injection manifold shown 
mounted on the inlet nozzle waa not used during these runs.) Carbon 
dioxide from 75-pound-capaoity fire extinguishers waa injected Into 
the Inlet-air atreaa in snow form. 

I 

Several bottles of carbon dioxide were discharged to obtain 
weight-flow calibrations. The results of five auch calibrations 
are presented in figure 4 fron which carbon-dioxide flows have been 
determined for these investigations. Although the data for these 
curves scatter somewhat« the trends indicate that the flow rate of 
carbon dioxide is dependent on its Initial temperature with the 
greatest flow rates occurring at the highest temperature. 

Pressure and Temperature Instrumentation 

The stations at which the engine was Instrumented for tempera- 
ture and preasure measurements are shown In figure 2. The variable* 
•»aired and the number, type, and location of instruments are: 

a 

(a) Cowl-Inlet total temperature T0, average of six 
unshielded thermocouples in inlet-air nozzle 

(b) Cowl-inlet total pressure PQ, one open-end tube in 
.  tact oell 

(o) Compressor-outlet total temperature (inlet of burner 10) 
Tg, one unahielded thermocouple 
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(4) Compressor-outlet total temperature (Inlet of burner S) 
T2, one stagnation-type thermocouple 

(a) Compressor-outlet static pressure (inlet of burner 9) 
Vz>  four static wall taps connected to a piezometer ring 

(f) Compressor-outlet total pressure (inlet of burner 9) 
Pg, one five-tube total pressure raise with all tubas 
connected to a common line 

(g) Tall-pipe gas temperature T7, six aspirating-type 
thermocouplea connected in puralle1 

These measurements were read on potentiometers and manometer«. 

PROCEDURE 

Vater and Water-Alcohol Injection 

Five separate series of runs were conducted, three with water 
lnjsotion and two with water-alcohol injection. The conditions 
for the five runs are presented in the following table: 

Bon Injected 
liquid 

Ex- 
haust 
nottie 
diam- 
eter 
(in.) 

Injected 
water 
flow 
Ww 
(lb/ 
sec) 

Injected 
alcohol 
flow 

Wal 
(lb/sec) 

Total 
injected 
liquid 
flow 
V„ + Wal 
(lb/sec) 

Rotor 
speed 
N 

(rpm) 

Cowl 
inlet-air 
tempera- 
ture 
range 
(°R) 

Water 

Water 

Water 

Water- 
alcohol 
Water- 
aloohol 

12.5 

12.0 

11.5 

12.0 

12.0 

0-1.9 

0-1.9 

0-1.9 

0.5-0 

1.5 

0 

0 

0 

0-0.5 

0-0.6 

0-1.9 

0-1.9 

0-1.9 

0.5 

1.5-2.1 

11,000- 
16,500 
11,000- 
16,500 

»11,000- 
16,000 

»16,000 

16,000, 
16.500 

526 - 540 

529 - 540 

533 - 555 

537 - 543 

541 - 547 

"Top speed limited by allowable tall-pipe gas temperature. 
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Water-injection runs A, B, ana 0 differed only In the site 
of the exhaust nozzle used on the engine. Water-alcohol injection 
runs D ana E were run with a 12-Inch-diameter exhaust nozzle and 
differed in the Banner in which the proportion of water and alcohol 
were varied. In run D, the total injected flow of water and aloohol 
waa held constant at approximately 0.5 pound per second and the pro- 
portions of each were varied. In run X,   the injected water flow 
was held constant at 1.5 pounds per second and the alcohol rate was 
progressively Increased fron 0 to 0.6 pound per second. 

Prior to each run, engine performance was detemined without 
Injection in order to provide a basis for evaluating the thrust 
augmentation. 

Kerosene and Carbon-Dioxide Injection 

The Investigation of the performance of a centrifugal-flow-type 
turbojet engine, which had a 12-lnoh-dlaneter exhaust nozzle, during 
injeotion of kerosene, carbon dioxide, and carbon dioxide with a 
water-alcohol mixture was conducted according to the following 
procedure: 

Kerosene injection. •- The normal performance of the engine was 
determined prior to the injection of kerosene. Kerosene was injected 
into the compressor inlets of the turbojet engine in the same manner 
as the water and aloohol and the injected flows were varied from 
0 to 603 pounds per hour. The rotor speed was varied from 14,000 rpn 
to 16,500 rpm; the inlet-air temperature was approximately 535° B. 

Carbon-dioxide injection. - The normal performance of the engine 
withoui injection was first established. The Injection of carbon 
dioxide into the compressor Inlets was then accomplished by simul- 
taneously opening the valves on four 75-pound capacity carbon-dioxide 
bottles. The.injected flow of carbon dioxide varied from 4.6 pounds 
per second at the beginning of the run to almost zero at the end of 
the run. The engine was first operated'at 16,500 rpm but the speed 
abruptly decreased when the injection valves were opened. When the 
rotor speed was stablized at 16,100 rpm, data were taken In quick 
succession until the contents of the bottles were depleted. The 
ambient cell temperature varied from 526° to 530° B. 

Carbon-dioxide injection with water-alcohol mixture. - The 
normal engine performance was first established. This determina- 
tion was. followed by an Investigation of engine performance for the 
Injection of a 9:8 mixture of water and aloohol. Then, while the 
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water art aloohol mixture waa being lnjeoted at a rotor apeed of 
approximately 16,500 rp», the valves on three 75-pound oapaoity 
carbon-dioxide bottles were simultaneously opened. Headings 
ware atarted 6 aeconde after opening of the valves and were taten 
at 12-second intervale until the contents of the bottles «are 
depleted. The variation in rotor apeed was about 60 rpm for the 
run and the ambient cell temperature varied from 507° to 514 R. 

saooifi 

The following symbols are used In thla, report: 

f thrust, (lb) 

h lover heating value of fuel, (Btu)/(lb) 

K fuel-flow correction factor 

I rotor apeed, (rpn) 

P total pressure, (lb)/(eq. In. absolute) 

p static pressure, (lb)/(aq in. absolute) 

T lndioated temperature, (°B) 

t tine, (aeo) 

Wft air flow, (lb)/(eeo) 

•ei injected alcohol flow, (lb)/(aeo) 

VB injected carbon-dioxide flow, (lb)/(eeo) 

Wf fuel flow, (lb)/(br) 

Wk injected kerosene flow, (lb)/(hr) 

Wv Injected water flow, (lb)/(aae) 

Wt  total liquid consumption, (lb of fuel, water, alcohol, and 
carbon dioxlde)/(aeo) or (lb)/(hr) 
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Subscripts« 

0       cowl Inlet 

8  ooapresaor outlet 

7  tall pipe 

oorr corrected 

MRB9D6 OF COKBBCTI0Ä 

All performance data fron water and vater-aloobol injection runt 
were corrected to standard conditions at the cowl Inlet by the following 
eanatlons (the values without the subscript   corr   are observed data): 

t        ml oorr     5 

•oorr--^ 

poorr " f 

»oorr " | 

ttttt.   , i '.«tV 

*oorr 

a oorr 

el oorr 

•JLssvse» 

a .  —   i      ii 

wvVe 
oorr 

(1) 

(1) 

(S) 

<•) 

(8) 

(•) 

(7) 

(a) 
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wai-/e   w»Ve 
ooxr 

WfK 

eV? 3600 (») 

"t OOIT (10) 

where the correction factors 

6 - 
covl-inlet total pressure PQ 

pressure of HACA standard atmosphere at sea level 

cowl-inlet total temperature TQ 
temperature of SACA standard atmosphere at sea level 

X m   1 + ^3600 x 0.4?ÄJ(l - e\ 

The accuracy of the correction of engine performance data with 
liquid injection to standard inlet conditions Is somewhat Question- 
able because of unknown effoots of Inlet-air temperature on the 
vaporitation of the injected liquid. The corrections applied are 
therefore only approximate and probably limited to small ranges of 
inlet temperature such as contained in the present data. 

The correction equations are all valid if the corrected pres- 
sures and temperatures throughout the engine are related to the 
corresponding uncorreoted values by the factors 6 and 6. A 
theoretical analysis of the wet compression process indicates 
that If liquid-air ratio and compressor Mach number are held con- 
stant, the corrected pressures and temperatures will be related 
to the uncorreoted values by the factors 6 and 6,    provided 
that: (1) the liquid is completely vaporized in the compressor, 
and (Z) the variations in inlet conditions are small. 

The corrections are based on maintaining corrected values of 
water-air and alcohol-air ratios and Mach numbers the same as the 
uncorreoted values. The water-air and alcohol-air ratios are 
maintained constant by correcting water and alcohol flows in the 
same manner as the air flow. Corrected and uncorreoted Maoh num- 
bers of the flow through the engine are the same except for varia- 
tions In the thengodynamio properties of the gases arising from 
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(1) small changes (with correction) ia fuel-air ratio (aal, hence 
fuel-water and fuel-alcohol ratios), and (2) mall changes In the 
vaporization processes la the compressor (with Inlet conditions). 

The total liquid consumption of the engine consists of fuel 
(kerosene), water, and. alcohol, which provide or absorb heat in the 
engine combustion prooees. Because both the engine fnel and the 
injected alcohol provide heat during combustion, the resultant fuel 
flow must he corrected in a manner that accounts for the changes in 
alcohol flows arising from correction. The oorrection factor X, 
whioh takes into consideration the action of fuel and injected 
alcohol, is derived from a simple heat-balance equation. The value 
0.4 in definition of K is an approximate ratio of the effective 
heating value of alcohol to the effective heating value of Icerosene 
baaed on data from the water-alcohol injection rune. 

The performance data from runs with kerosene and carbon-dioxide 
injaotion are presented directly aa road without correction for 

inlet conditions. 

RESULTS ADD DISOTS8I0H 

Vater and Water-Alcohol Injeotlon 

The greater part of the investigation of engine performance was 
conducted with Injection of the refrigerants that were considered of 
primary importance, namely, water and water-alcohol mixture. 

Water Injeotlon. - The observed and the corrected data of water- 
injection runs A, B, and C are presented in table I. The curvea 
presented in figure 5 show the variation in engine performance with 
injected water flow at a corrected rotor speed of 16,500 rpm and a 
oowl-lnlet air temperature of from 534° to 540° E for 12.0- and 
12.5-lnch-diameter exhaust nozzles. (Data for 11.5-ln.-diameter 
exhaust nozzle, run C, was not obtained at 16,500 rpm because of 
excessive tail-pipe gas temperature.) These curves were obtained 
by cross-plotting curveB of engine performance against rotor speed 
from the data in table 1. Figure 5(a) shows a graph of thrust 
plotted against injected water flow. For an injected water flow of 
2.0 pounds per second, a thrust of 1755 pounds, or an increase of 
330 pounds, was obtained using the 12.5-lnoh-dlemeter exhaust nozzle; 
and a thrust of 1935 pounds, or an increase of 345 pounds, waa ob- 
tained with the 12.0-inch-diaaeter exhaust nozzle. These values 
represent a 23.2-percent thrust increase for the 12.5-inch-diameter 
exhaust nozzle and a 81.7-percent increase for the 12.0-inch-diameter 
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exhaust nozzle. The dashed line la figure 5(a) represents the 
thrust with aa «Abatable-area exhauet nozzle and vill he discussed 
in the following paragraph. 

The tall-pipe gaa temperatures deoreaaed appreciably with injec- 
tion of water for both exhaust nozzle alias (fig. 5(b)). The exoee- 
siTe tail-pipe gas temperatures obtained with the 12.0-inch-diameter 
exhaust nozzle at points of low injection are reduoed to the rated 
value of 1640° B by the Injection of 2.0 pounds per second of water. 
The reduction In temperature with lnjeotion together with the higher 
thrust provided by the use of the smaller exhaust nuzzle (fig. 5(a)), 
Indicates that in order to realize fully the beneflta of water 
Injection the engine should be equipped with a variable-area exhaust 
nozzle. The thrust available when the exhaust-nozzle area is 
reduced sufficiently during Injection to maintain the rated tall- 
pipe gas temperature, as shown by the dashed line in figure 5(a), 
was obtained by cross-plotting curves of thrust and tail-pipe gas 
temperature against exhaust-nozzle size. This curve for constant 
tall-pipe gas temperature shows that the thrust increases from 
1485 pounds for no injection to 1935 pounds for injection of 
2.0 pounds per second, representing a thrust augmentation of 
S5.8 percent. The leveling off of the curves of figures 5(a) and 
5(b) Indicates that both the increase in thrust and the reduction 
In tail-pipe gas temperature, and hence the effectiveness of the 
water injection, are reduced as the injection rate is Increased. 

The changes in fuel flow, total liquid consumption, air flow, 
and compressor-outlet total pressure caused by water injection are 
shown In figures 5(c) to 5(f), respectively. Both the fuel flow 
(fig. 5(o)) end the total liquid consumption (fig. 5(d)) increase 
appreciably for both exhaust-nozzle sizes with injected water flew. 
The injection of 2.0 pounds per second of water resulted In an 
increase of roughly 500 pounds per hour in the fuel flow and the 
total liquid consumption at this injection rate was about five 
times as high as for no Injection. The air flow (fig. 5(e)) 
reaches a maximum (with an increase of about 2.5 lb/sec) at aa 
injected water flow of approximately 1.0 pound per second for both 
exhaust-nozzle sizes. Although the air flow reaches a maximum at 
aa Injected water flow of 1.0 pound per second, the total mass flow 
(air plus liquid) through the engine continues to rlae with Injected 
water flow throughout the range Investigated. The compressor-outlet 
total pressure (fig. 5(f)) Increased over a larger range of injected 
water flows than did the air flow, leveling off at about the 
injected water flow as did the thrust and the tail-pipe gas 
temperature. 
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Water-alcohol lnleotlon. - Ite »suits of ran D, In vhloh the 
proportions of water ana alcohol were varied while the total injec- 
tion rate was held constant at 0.52 pound per second (corrected value) 
are presented in figure 6. These data were obtained for inlet-air 
temperature fron 5370 to 543° B and are presented for a corrected 
rotor speed of 16,000 rpn. Figures 8(a) and 6(b) show that at this 
low total Injected flow snail amounts of alcohol (up to 0.15 lb/see, 
or 30-percent alcohol) In the Injected mixture produces about the 
sans thrust and tall-pipe gas temperature as are produced by the 
injection of 0.52 pound per seoond of water alone. Injection of 
mixtures richer than 0,15 pound per second of alcohol, however, 
resulted in less thrust augmentation and higher tail-pipe gas tem- 
peratures than the Injection of the sane amount of water. Because 
alcohol acts as additional fuel, replacing some of the extra engine 
fuel required during water injection, the proportion of alcohol In 
the Injected liquid has a marked effect on the engine fuel flow 
(fig. 6(o)). Tor Injection of 0.10 pound per second of alcohol and 
0,42 pound per second of water, the same fuel flow la required as 
with no Injection, and therefore no adjustment of the fuel throttle 
is necessary. The composition of the Injected mixture for constant 
throttle setting, (with constant nozzle size) from the previous 
observation, is approximately 20-percent alcohol by weight. 

Figure 6(d) shows that total liquid consumption decreases as 
the proportion of alcohol is increased for a constant total Injected 
mixture flow of 0.52 pound per seoond. This decrease in total liquid 
consumption Is caused by the replacement of some of the engine fuel 
with alcohol as the Injected mixture is enriched with alcohol. 

Both the air flow (fig. 6(e)) and the compressor-outlet total 
pressure (fig. 6(f)) were higher for mixtures containing small 
amounts of alcohol than for mixtures rich in alcohol. These higher 
air flows and pressures Indicate that the greatest cooling of the 
Intake air occurred for mixtures containing a small amount of alcohol. 
The more rapid vaporization of mixtures rich in alcohol is apparently 
counteracted by the reduction in the heat of vaporization as the 
alcohol content Is increased. 

The results of run S, in which the Injected water flow was 
held constant at 1.6 pounds per second (corrected value) and the 
Injected alcohol flow was varied, are presented in figure 7. These 
data were obtained for Inlet-air temperaturea from 541° to 547° R 
and are presented for corrected rotor speeds of 16,000 and 16,500 rpn. 
Although the thrust values for no Injection from figure 7(a) do not 
agree with those of figure 5(a) because of a change In normal engine 
performance, the percentage thrust increases brought about by injeo- - 
tlon of 1.6 pounds of water per seoond are about the same for both runs. 
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A comparison of the thrust augmentation In figures 5(a) and 7(a) 
•hot» that the addition of alcohol to an Injected water flow of 
1.6 pounds per aeoond reaulta In a greater increase In thrust than 
the Injection of the ease total flow of water alone. Moreover, the 
addition of alcohol to an injected water flow of 1.6 pounds par 
second produces a slightly lower tall-pipe gas temperature (approxi- 
mately 30° F for 0.4 lb/sec alcohol) than waa produced by the sane 
total injected flow of water alone (fig. 7(b)). 

The curve of fuel flow against injected alcohol flow (fig. 7(e)) 
Indicates that the engine can be operated without adjustment of the 
fuel throttle with injection of 1.6 pounds per second of water and 
approximately 0.4 pound per second of alcohol for both rotor speeds. 
This mixture is in agreement with the constant-throttle-setting 
injection mixture of run 0 (approximately 20-percent alcohol by 
weight). Comparison of figures 5(d) and 7(d) ahow that the total 
liquid consumption is lesa for the injection of 1.6 pounds of water 
per second plus various amounts of alcohol than for the injection 
of an equal amount of water alone. A similar comparison of fig- 
urea S(e) and 5(f) with 7(e) and 7(f) shows that both the air-flow 
and compressor-outlet pressure increase more for the injection of 
mixtures containing alcohol than for the Injection of water alone. 

The foregoing comparison of the performance data presented in 
figures 5 and 7 Indicated that the addition of alcohol to the 
injected liquid at high Injected water flows (approximately 
1.6 lb/sec) is more effective in increasing the thrust and reducing 
the tall-pipe gas temperature than the addition of more water. The 
maximum possible thrust augmentation with water-aloohol injection 
was not obtained, however, because run S   was conducted with only 
one size exhaust nozzle, which permitted the gaa temperatures to 
decrease as the injected flow was increased. In order to illustrate 
the maximum thrust augmentation that may be expected with water- 
alcohol injection, figure 8 la presented. , The data from figure 5(a) 
for water injection at a constant tall-pipe gas temperature of 
1640° B (at 16,500 rpm) is »plotted in figure 6 as percentage 
thrust augmentation against total injected liquid flow. A curve 
of the thrust augmentation available by water injection for the 
12.0-inch-diameter exhaust nozzle is included for comparison. The 
thrust augmentation possible by water-aloohol injection Is shown 
by dashed curves for both conditions, that Is: (1) tall-pipe gas 
temperature maintained constant by exhaust nozzle adjustment and 
(2) exhaust-nozzle diameter maintained constant at 12.0 inches. 
This thrust augmentation for constant tail-pipe gas temperatures 
was obtained by multiplying the augmentation provided by 1.6 pounds 
per second of water alone, (from fig. 5(a)) by both the ratio of the 
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thrust increase with alcohol injeotlon shown in figure 7(a) and the 
ratio of the estimated throat increase obtained when the exhaust- 
nottle alte was sufficiently reduced to raise the gas temperatures 
of figure 7(h) to a constant value. This adjustment of the data to 
a common exhaust-gas temperature was based on cross plots of thrust 
and temperature against exhaust-nozzle sice obtained from the data 
without injection. A maximum possible thrust augmentation of 
40 percent for Injection of 1.6 pounds per second of water and 
0.4 pound per second of alcohol for a rotor speed of 16,500 rpo and 
a oowl-inlet-air temperature from 534° to 543° E is indicated by 
the curve obtained from this analysis of the data. 

Kerosene and Carbon-Dioxide Injection 

She investigation of engine performance with injection of 
refrigerants that were considered of secondary Importance were the 
Injection of kerosene end carbon dioxide. 

Kerosene injection. - The uncorrected performance oata for 
runs with kerosene injection are presented In figure 9 for a rotor 
speed of 16,500 rpm, an ambient cell temperature of about 535° B, 
and a 12.5-inch-diameter exhaust nozzle. Figure 9(a) shows that 
the injection of kerosene increases the thrust only 17 pounds for 
an injection rate of 603 pounds per hour. The tall-pipe gas 
temperature (fig. 9(b)) vas.found to be higher for the injection 
of kerosene than for no injection. The total kerosene flow 
(fig. 9(c)) was increased 235 pounds per hour at an injection rate of 
603 pounds per hour into the compressor inlets at a rotor speed of 
16,500 rpm. Figuru 9(d) indicates that the air flow for the injec- 
tion of kerosene was slightly lower than for no injection. 

Carbon-dioxide injection. - The uncorrected performance data 
from runs with carbon-dioxide injection have been plotted in fig- 
ure 10 against the time elapsed from the opening of the valves on 
the carbon-dioxide bottles. Curves of engine performance without 
injection have been included in the figure for comparison. The 
thrust increase Tor the injection of carbon dioxide alone waB 
320 pounds, representing a thrust augmentation of 23.5 percent, for 
an injected carbon-dioxide flow of 4.6 pounds per second (Indi- 
cated rotor speed, 16,150 rpm; ambient cell temperature, 526° to 
530° R). Injection of carbon dioxide resulted in a slight decrease 
in tail-pipe gas teaipwrature and considerable increase in fuel flow. 

Carbon-dioxide injection with water-alcohol mlxturo. - The 
uncorrected performance data for runs of the engine with injection 
of carbon dioxide with 1.7 pounds per second of a 9:6 mixture of 
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voter and aloohol by weight are presented In figure 11. Curves of 
engine performance with Injection of 1.7 pounds per seoond of the 
water-alcohol mixture alone (at speeds corresponding to those during 
injection of carbon dioxide) as veil as curves of performance with- 
out injection are included for comparison. Because of difficulty 
vith the instrumentation, no tall-pipe gas temperature measurements 
were made during this run. A thrust increase for injection of 
S.S pounds per second of carbon dioxide with 1.7 pounds per second 
of the 9:8 mixture of water and alcohol was 575 pounds representing 
a thrust augmentation of 36 percent. Of this thrust increase, 
which was obtained at an indicated rotor speed of 16,450 rpm, an 
ambient cell temperature from 507° to 514° R, and with an engine 
fitted with a constant-size exhaust nozzle, the water and alcohol 
contributed about 315 pounds, or about 80-percent augmentation. 
Thus, the Injection of 3.5 pounds per second of carbon dioxide 
with 1.7 pounds per second of a mixture of water and alcohol pro- 
vided a thrust augmentation 16 percent higher than obtained vith 
Injection of the water and alcohol alone. 

SUMMARY OF RESULTS 

The following results were obtained from the investigation of 
the performance of a 1600-pound-thruet centrifugal-flow-type turbo- 
jet engine at zero flight speed, sea-level conditions, and with 
injection of various refrigerants at the compressor Inlets: 

Water and Water-Alcohol Injection 

1. A thrust augmentation of 23.2 percent vas obtained by the 
Injection of 2.0 pounds of water per second at a corrected rotor 
speed of 16,500 rpm and for an inlet-air temperature of 534° to 
540° S using a constant exhaust-nozzle diameter of 12.5 Inches. 
This thrust augmentation was increased to 35.8 percent by adjust- 
ment of the exhaust-nozzle size to maintain a constant rated tail- 
pipe gas temperature of 1640° R. 

2. In the low flow range of water-alcohol lnjeotlon (approxi- 
mately 0.52 lb/sec of mixture), the thrust augmentation decreased 
slightly as the injected mixture was enriched with alcohol. 

5. At high Injected water flows (approximately 1.6 lb/sec), 
the addition of alcohol to the injected liquid was mors effective 
than the addition of more water. A maximum thrust augmentation 
of 40 percent Is available by the lnjeotlon of 1.6 pounds of water 
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per second and 0.4 pound of alcohol par second when the tail-pipe 
gas temperature la Maintained, oonetent at the rated value of 1640° B 
by exhauat-noMle adjustment. 

4. Operation of the engine without adjustment of the fuel 
throttle from the nomal operating poaition (at the sane speed) la 
possible by selecting an Injection mixture of alcohol and water 
that la roughly 20-percent alcohol by weight. 

Kerosene and Carbon-Dioxide Injection 

1. The increase in thrust with injection of kerosene was very 
alight reaching a maxima» of 17 pounds for an lnjeotlon rate of 
60S pounds per hour at an indicated rotor apeed of 16,500 rpm, an 
inlet-air temperature of 535° B, and a constant-area exhaust nostle 
of 12.0-inch diameter. The accompanying increase In total fuel 
flow was 235 pounds per hour. 

2. Thrust increase for the injection of 4.6 pounds per second 
of carbon dioxide alone was 320 pounds, representing a thrust 
augmentation of 23.5 percent at an Indicated rotor apeed of 16,150 rpm, 
an inlet-air temperature of 526° to 530° H, and with a 12.0-inoh- 
diaaeter exhaust nozzle. 

3. Thrust increase for the injection of 3.5 pounds per second 
of oarbon dioxide with 1.7 pounds per second of a 9:6 mixture of 
water and alcohol, at an indicated rotor apeed of 16,450 rpm, an 
inlet-air temperature of 507° to 514° 8, and with a 12.0-inoh-dieaeter 
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exhaust nozzle was 575 pound».   Vbl« increase represents a total 
thrust augmentation of 36 percent of which 16 peroont «at contributed 
ey the carbon dioxide. 

Flight Propulsion Research Laboratory, 
Rational Advisory Committee for Aeronautic«, 

Cleveland, Ohio. 
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HJKCTIO» Or tin AID UTOt-HLCOHOL 1IXT0U3 AT COkTffiSSO«  I8IXT3 

cool lnlati    toaporatur* T„.    619° «1 proaaura   P„, 14.70 lb/a« la •] 
Total liquid Oool- Co.l-lnl.t Coaproaaor-outlot Coaproaaor- Tall -pip« 

oanauoptlon. *t l»Hl total proa- total ta outlot Indicated 
(Win) total 

tMOiri- 
luni  PQ 
(lb/aq la. 

("I 1 total 
•tiro. 

proa- 
's 

gaa toapar- 
aturo. T7 

Uro§ Tn abaoluta) Uaahla: Stagna' (lb/a« In. (•*) 
(•8) tjpo typ. abaoluta) 

•M :nrr«cttd Read Real »oad Corroetod Kaad Corroctad load Icorroctod ««a« !o prop tod 

M • •Jwtlon i «tttT , 
0.293 0.228 327 14.40 en 665 870 660 26.01 26.56 1399 1378 
.849 •258 530 14.39 705 690 708 Ml B8.91 29.58 1418 1387 
.881 .284 529 14.39 736 722 731 717 32.35 33.04 1433 1406 
.310 .323 530 14.38 768 752 768 746 56.83 37.03 1475 1444 
.365 .369 632 14.37 808 788 799 780 10.84 41.77 1524 1487 
.394 .398 534 14.37 826 803 817 794 «3.27 44.27 1681 1517 
.424 .427 637 14.38 847 810 835 807 15.44 46.49 1605 1558 
.470 .473 335 14.36 867 840 854 687 18.36 49.50 1654 1601 
.777 .796 588 14.39 SOD 578 580 579 50.09 30.74 1338 1318 
.MS .861 530 14.37 679 664 673 658 59.19 39.05 1388 1S53 
.an .916 533 14.36 740 721 727 708 «3.27 44.28 1444 1408 
.957 .981 834 14.36 778 756 763 742 47.»2 49.05 U4J 1500 

1.014 1.038 536 14.33 006 788 794 768 31.35 52.59 1611 1560 
.BSC .905 531 14.36 578 565 578 565 ."-.<•! 30.37 1342 1318 
.009 .939 538 14.35 593 579 585 574 »3.74 34.55 1345 1318 
.945 •973 534 14.35 636 618 630 612 50.26 39.19 1372 1333 
.996 1.023 535 14.33 714 693 707 686 13.22 44.39 1434 1391 

l.O'Z 1.101 538 14.33 768 741 754 727 18.88 50.08 1530 1476 
1.193 1.152 538 14.39 792 764 780 758 51.72 53.07 1596 1540 
Lies 1.282 531 14.34 595 582 598 584 38.46 39.41 1354 1383 
1.941 1.280 534 14.33 635 617 647 629 «3.66 44.77 1410 1570 
1.316 1.356 537 14.33 710 686 706 688 19.31 50.58 ISO« 1455 
1.373 1.416 540 14.32 755 786 741 718 32.51 63.87 1470 1508 
1.7a» 1.841 533 14.34 604 589 605 580 «4.01 45.11 1394 1360 
1.813 1.876 534 14.33 610 593 618 601 47.80 48.48 1440 1400 
1.830 1.918 536 14.33 616 596 633 613 •i.l» 51.68 1490 1443 
1.907 1.971 539 14.32 623 600 661 636 53.49 54.89 1554 1498 
9.488 8.574 534 14.33 615 598 615 598 50.46 51.75 1466 1488 
2.531 2.629 534 14.32 621 604 680 60S 5S.84 54.65 1519 147S 

0.838 0.239 53il 14.34 684 670 678 684 86.58 87.86 1485 1435 
.160 .904 550 14.33 705 690 701 686 88.95 29.68 1460 1489 
.895 .299 555 14.33 748 724 734 718 59.48 33.33 1496 1480 
•334 .33« 533 14.39 774 754 765 746 56.17 37.18 1638 1493 
.389 .366 535 14.32 793 770 TC4 781 58.77 39.80 1668 1819 
.389 .394 535 14.31 812 787 804 780 40.88 42.09 1688 1576 
.493 .457 536 14.31 833 808 889 793 «3.38 44.55 1645 1581 
.488 .470 538 14.30 855 884 845 814 «6.18 47,48 1720 1658 
.310 .514 538 14.30 872 840 868 831 «8.74 50.09 1766 1709 
.767 .791 589 14.33 see 557 567 556 87.18 27.87 1S90 1383 
.780 .813 531 14.33 576 563 576 563 30,32 31.10 1404 1373 
.888 .847 331 14.32 598 578 596 588 34.45 35.35 1408 1376 
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TABU I - FOWWUICE of comiruGAL-FU»- vcn TCTSCPJH DOME WITH 

•in Baro- EXhaUSt- Weter flow, «. Rotor »weed Thrust,  P *: r low,   •- Fuel flow,  », 
•e»rtc notile (lb/soo) lira) (lb) (lb/.. (lb/nr) 
praa- dleewter 
•urw lln.l 

In. 
•b.o- 1  
luU) Read Corrected Road Corrected Read Corrected Road Corrected Read 'Corrected 

(6)    Injection of water - continued 

Ml 14.36 12.0 0.50 0.520 14.059 13,87.1 961 S>n7 24.64 2.'.. 54 1311 132a 
H| .60 .620 15.030 14,796 1163 1213 27.11 26.30 1522 1559 
015 .60 .520 15,501 15,260 1303 1339 28.17 29.40 1655 1674 
B16 .50 .525 16,042 15,754 1456 1497 29.44 30.01 1832 1849 
B17 .60 .626 16,511 16,205 1606 1661 30.42 31.86 2004 2022 
ua .60 .620 11,980 11,647 611 627 19.42 20.14 1064 1079 
BIB .60 .620 12,281 12,849 766 785 21.98 22.78 1177 1196 
•ao .60 .626 13,961 13,763 947 972 24.49 25.47 1317 1335 
BS1 .60 .625 15,034 14,819 1195 1228 27.31 28.46 135U 1570 
BB2 .60 .626 16,039 16,760 1479 1520 29.64 30.96 1853 1874 
aas .60 .630 16,540 16,222 1644 1690 30.02 32.31 2043 2060 
BH .63 .860 13,979 13,823 959 985 24.44 25.37 1360 1361 
MS .63 .666 15,036 14,798 1221 1234 27.30 28.50 1395 1613 
M .63 .670 16,029 15,743 1523 1566 30. 03 31.45 1908 1925 
Mf .S3 .870 16,523 16,213 1685 1734 31.13 32.64 2105 2123 
M 1.335 1.320 14,980 14,772 1213 1246 2C.79 27.91 1690 1712 
B29 1.336 1.395 15,527 1   ,288 1380 1418 26.32 29.56 1850 1872 
B90 1.333 1.396 16,060 15,776 1556 1600 29.S9 31.27 2033 2053 
631 1.336 1.395 16,535 16,24» 1739 1788 31.19 32.64 2242 2266 
B32 1.90 1.960 16,002 15,748 1549 1392 29.19 30.48 2200 2?2i 
B33 1.91 1.995 16.491 16,227 1751 1801 32.30 33.76 2401 2429 

H 14.34 11.1 0 0 10,667 10,768 488 601 16.70 17.34 861 873 
B 0 0 11,984 11,830 616 632 19.73 19.47 9L9 1002 
es 0 0 13,018 12,826 768 789 20.78 21.66 1137 1160 
C4 0 0 14,001 13,767 939 964 22.80 23.62 1306 1319 
Ü 0 0 14,623 14,252 1046 1076 23.98 25.11 1412 1424 
B 0 0 13,044 14,735 1165 1197 25.05 26.29 1546 1666 
C7 0 0 15,666 16,236 1303 1339 26.16 27.45 1696 1707 
ea .60 .620 11,997 11,643 6F.y 687 19.27 20.04 1093 110* 
B .50 .SSO 13,996 13,776 1045 1074 24.22 25.26 1407 1423 
CIO .30 .326 14,635 14,232 1176 1209 26.49 26.65 1538 1364 
en .50 .525 15,014 14,734 1302 1339 26.68 27.95 1670 1685 
CIS .60 .526 16,646 15,243 145S 1600 27.72 29.08 1646 1861 
CIS .60 .526 16,046 15,716 1616 1662 28.81 30.26 2040 2035 
en .60 .625 11,994 11,628 667 686 19.27 20.07 1119 1133 
fit .60 .625 13,006 12,800 640 663 21.62 22.66 1249 12S3 
«a .60 •630 13,999 13,751 1053 1082 24.24 25.35 1430 1443 
fit .60 .630 14,517 14,260 1187 1220 25.62 26.77 1363 1678 
cu .60 .630 14,973 14,665 1313 1330 26.73 28.06 1680 1692 
CIS .60 .630 15,502 15,168 1473 1617 27.95 26.38 18/5 1877 
cm .60 .635 16,032 15,641 1646 1694 29.02 30.61 2063 2071 
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2 
IIJKTIOH or »ATER Aj.0 »ATE«-ALCOHOL HUTURSS AT CO»rHL..50!i   ISU.TS  -  Continued 

Total liquid Coal. Co»l-lnlet Coiapressor-ou tlet Coapreaaor- Tall-pipe 
eons option* W. InWt total pree- total temperature, 7a outlet Indicated 

(la/iec) total 
tt-mp.i •- 

aure, »0 
(la/aq In. 

(OR) tot si prea- gaa  temper- 
ature. T7 

(lb/äq, In. ture,   Tn absolute) Ur. hleldad Stagnation I°R) 1*11 tn» »n» abaolute) 

Read 1 Corrected Read Raad Read Corrected Raad Corrected Read Correetec  Readjcorrected 

U)    Injection >f water • continued 

0.66« 0.66« 993 14.31 663 646 960 M3 32.11 40.16 1435 1417 
.MS .947 999 14.31 732 •M 720 688 43.86 45.08 1522 1479 
.MO .099 »36 14.31 732 720 741 718 46.46 47.76 1560 1912 

1.000 1.099 999 14.30 77« 751 768 741 4«.36 50.76 1C«4 1985 
1.067 1.097 »30 14.30 801 772 700 761 »2.03 53.60 1711 1648 
.•H .020 »31 14.33 »74 561 574 Ml 30.17 30.9» 1392 1361 
.927 .092 990 14.32 sn.-. »73 589 671 34.25 95.16 1400 1371 
.989 .00« 992 14.31 820 604 612 506 38.57 38.61 1430 1400 

1.091 1.091 994 14.30 710 600 6«« 679 44.12 49.33 151« 1471 
1.119 1.149 »39 14.90 784 730 7»0 726 46.72 31.11 1625 1973 
1.168 1.902 9«0 14.20 701 761 779 748 »2.82 »4.31 1705 1640 
1.208 1.249 331 14.32 9M »81 »M Ml 98.82 39.6» 142« 1392 
1.ST9 1.319 999 14.31 622 603 991 611 44.57 4».78 1495 1449 
1.990 1.404 939 14.90 708 682 702 676 50. M 91.99 1612 1»»3 
1.419 1.460 »30 14.20 792 724 730 710 53.60 99.1» 16K 1633 
1.KMJ 1.666 »34 14.91 604 »87 906 98« 44.32 45.53 1476 1435 
l.H* 1.919 »3» 14.30 609 5*0 61« 909 47 .81 49.13 152» 1482 
l.KO 1.966 937 14.20 616 509 62« 603 51.20 »2.64 1598 1544 
1.099 2.024 338 14.20 623 602 M9 623 »5.00 »7.9» 1661 1604 
2.911 2.398 »98 14.30 619 606 914 309 »0.00 »2.31 1670 1621 
2.977 2.670 »39 14.20 62Q 600 620 600 54.83 56.38 : i • •' 1607 

0.290 0.242 Hi 14.32 680 669 674 658 26.03 26.71 1525 1488 
.279 .270 333 14.92 710 601 706 687 20.32 30.10 1553 1512 
.316 .319 999 14.31 744 722 733 711 32.86 35.74 1600 1992 
.9*9 .366 937 14.31 770 793 772 746 36.74 37.7« 1636 1961 
.902 .306 930 14.30 700 769 7»1 762 30.00 «0.07 1673 1911 
.429 .432 Ml 14.30 021 789 612 770 43.03 ««.22 1722 1652 
•471 .474 541 

993 
14.30 
14.31 

1762 
1461 

1710 
1413 .004 .928 57» 964 57« M4 30.50 31.32 

.001 .013 »9» 14.90 670 MO 675 6M 90.09 «0.12 1939 1486 

.027 .037 997 14.30 711 667 704 680 41.75 «2.92 1599 1532 

.09« .003 »90 14.20 738 711 726 600 44.16 «9.40 1635 1574 
1.019 1.042 »«0 14.20 766 796 7M 72» 47.11 49.45 1707 1M1 
1.067 1.096 Ml 14.20 700 7»6 770 739 «*.«e »1.39 17»C 1717 

.011 .040 9M 14.31 »77 »61 577 Ml 30. M 31.22 1442 1401 .047 .079 »99 14.31 567 56G 686 667 •<. 35.32 1470 1423 .007 1.031 938 14.90 622 600 632 610 3«.20 40.27 1530 1476 
1.09« 1.069 330 14.30 »7» 66). 674 650 41.90 43.07 159Ü 15M 
1.097 1.110 Ml 14.20 715 686 70« 680 44.1.0 45.85 1627 1561 
1.118 1.131 342 14.2« 746 714 73S 704 47.35 48.70 1712 163« 
1.179 1.210 M» 14.26 772 795 762 726 50.45 51.90    1805 171« 
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t or cBririininAL-PLM rm TI-RMJST aom nn iw ACTION 

Run taro- Exhaust- •etar  rio«,  *_ 
(Ib/aes) 

fcicohol fie«, t_ Retor •paid, « Ihruat,  P Air fie«, 0. 
wtri« Mill« Ub/iM) rp-) (lb) (lb/ses) 
.*•••- llwtxr 
•ur« (IB.) 
(lb/aq 
In, 
•bae- 
Wt») Raed jeerrMttd »•ai Correct»«! «sad corraatsd •tool Corraclrd Read |Cerra«t»d 

(•)    Injaetlon of «a Mr - Jancludad 

C81 14.34 11.0 0.03 0.070 13.088 13.695 1J40 10T7 84.04 86.17 
CIS •OS .005 14.407 14,06« 1197 1830 88.40 06.68 
«9 .03 •«TO 15,013 14,700 1340 1304 86.08 80.10 
C24 •08 .070 13*400 15.168 1509 1508 00.11 80.55 m •03 .070 16.888 16,040 I*« 1087 80.08 31.80 
CM •03 .070 18,044 15,473 If?« 1807 80.00 30.44 
c«7 1,535 1.400 14«000 14,694 1)41 1370 86.28 07.50 
coo 1.335 1.400 15,403 16,174 1521 1646 87,66 89.05 
C89 1.335 1.400 14,0*7 15,750 17f>4 1605 29.38 30.03 
CM 1.338 1.405 16,811 16,471 UM 1070 00.87 30.03 
C31 l.tt 8.015 16,777 15,468 1624 1070 87.78 00.11 
CSS l.M t.015 15,387 16,080 1483 1404 86.40 87.77 

(b)    Znjwtlen of wa t»r-«l ohol  Bist a-r« 

• 14.47 18.0 0 0 0 0 18,008 15,708 !Pf4 1300 87.39 80.65 
St 0 0 0 0 18,000 15,365 1150 1178 86.30 87.38 
03 .5 .500 0 0 15,068 15,763 1427 1456 29.35 30.51 
M .4 .410 .104 10,047 15,740 1488 1450 89.52 30.60 
06 .3 .3» .too 10,055 15,740 1422 1450 29.35 30.54 
M •t .too .3 .313 16,040 15,605 14U3 1433 »9.10 30.3« 
07 .1 .104 .417 16.089 15,604 13V1 1410 30.05 30.10 • 0 0 .Ü .Ott 10,006 15,664 137* 1408 28.70 89.08 

n 14.17 12.0 0 0 0 0 14,007 13,797 tik-k 065 88.44 83.06 
Et 0 0 0 0 15,000 14,746 99- 1036 84.46 06.00 
S3 0 0 0 0 10.039 15,658 1212 1800 •0.50 80.37 
14 0 0 0 0 10,536 16,107 134* 1401 07.65 89.58 
IS 1.49 1.607 0 0 16,498 14,139 163'. 1701 30.00 38.04 • 1.4« 1.500 0 0 16,000 15,670 1465 1507 88.00 30.73 
•7 1.40 1.590 .OH .005 16,409 16,116 1649 1710 30.10 38.81 
It 1.4« 1.300 .00 ,005 16,007 15,660 i46i 1587 80.00 30.7« 
n 1.49 1.500 .21 .084 16,580 10,147 1665 1735 30.84 38.88 
no 1.4« 1.505 .»1 .083 16,«CM 15,655 1470 1538 80.03 30.6B 
m 1.4« 1.500 .31 ,331 10,504 16,116 lt-M. 1735 30.80 38.38 
Kit 1.4« 1.505 .31 .380 16,007 15,667 1474 1530 80.08 30.88 
El 1.49 1.593 .40 .480 10,503 16,000 16*0 1730 30.08 38.34 
in 1.4« 1.507 .40 .480 18,031 16,000 14S7 1540 0O.0T 30.73 
tat 1.4» 1.501 .4« .583 16,803 16,108 Iff I. 1730 30.86 38.31 
Hi 1.49 1.507 .49 .5tt 15,070 16,000 147.) 1538 80.03 30.70 
E17 1.4» 1.590 .57 .000 14,800 16,181 Ib7b 1740 30.80 38,38 
no 1.4« 1.588 .!,7 .008 15,978 15,943 MM 1548 00.03 30.60 

NATIONAL  ADVISORY 
COMMITTEE   FOB   AERONAUTICS 

8 



T^    J 

N«A  RM  No.   E7G23 

25 

^sm^a&m 



Fig.   i 
E7G23 







»7 
Fig. NACA FM  NO.   E7G23 

4 ' o 

1 «» •a m 
K 
O 

M*4 • 

*» JO        0)0)0*00 
+» G*>r4        t-«3U>f f- 

I 1 • 

• 

t*  K « o 

•             ~        OOiOiOO 
•J i: •> u.       ••••• 

OHO         OOi^OlO 
•-I JO*"-      OJC-C-OO 
1  E *»                               r-tr4 

& mm 
H 
C*-i C 

O OD 1t> 

m 
II 
a 

§ i>   « 1 >/: 

; h S I   u 
•o    i 

•»     3   « 
O   « II 

1 

• If 
}    : 

0 
   

   
   

 8
0 

-d
io

x
id

e
 

bo
 

o
r 

s
e

v
e

ra
l 

ti
a
l 

  
te

m
p
e

 

i 
: 

* 
• 2       c 

*   1 — B     O 
: 

1—' T* *J j 

60
 

es
 

on
 
c
i 

x
id

e
   
fl

 
ff

e
re

n
t 

I 

J J 
1 ( f. ,,«1 K 

r 
• 

50
 

o
f 
 v

al
v 

b
o

n
-d

io
 

s 
a
t 

d
i 

; \ 

\ 
aj   k • 
c    a - 

; i \ '- * «      10   O 
S-     3   • •   o 

1 
Si i 
1 :    1 
i  c 

< \ o 
•    « a 
t.   « — 

< ii i 1 « > 
n       co •o    a — 

1 • ii i 1 < ' 
% 2c 
"  - 2 

8*   . "£ e        a 

i> « A <i y * 
< ' o o 

,..i o 

aae/qi  *°M '»moq euo UIOJJ «o-rj epixojp-uoq.iio 

. 



• 

z-tf 

NACA  RM No.   E7G2J Fig.   5a 

3 

•a 
t> 

NATIONAL ADVISORY 
COMMITTEE FOX AERONAUTICS 

2000 

1900 
*^"" 

1/ 
a* 

^ 
^'' 

1800 
/ i 

/ 
' 

1700 / * 
/ 

/ 
r / 

/ 

1600 z / 
< 

/ 
exhaust nozzle 

—- —   Run B,   12.0-ln.-diameter 
exhaust noszlc 

————   Thrust  available  by adjustment 
of exhaust-nozzle area to maintain 
constant  tall-pipe gas temperature 
of 1640° R 

1500 
1 u 

1400 

1300 
0 .4 .8 l.S 1.6 8.0 
Corrected Injected water flow, wwVo~~/* »  lb/sec 

(a)    Thrust. 

Figure 5.  -  Engine performance for various  injected water flows for runs 
A and B.    Corrected rotor speed,   16.500 rpa;    cowl-inlet air tempera- 
ture,   534° to 540» R. 
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air temperature,  5J4° to 540° R. 



• 

II 
Flg.   5e,f 

-" 
•Ö 

NACA RM No.   E7G23 

35 

34 

38 

S 31 

60 

S3     58 
o o 

NATIONAL   ADVISORY 
COMMIT!El  ran AERONAUTICS 

: i 
; 

• 

1 J 

i s 
! 

I /' 
^ — • 

! / / • 

u / 
— Run A,   12.5-ln.-diameter 

exhaust  nozzle 

 Run  D,   12.0-ln.-diameter 
exhaust nozzle 

| 

u j 

f \ 

'. • 

(e)    Air flow. 

at 
?«r 

l> 
•o  • 

si 
u • o u 
O ft 

56 

54 : 

52 

50 

J ! 

j -.. ; 
• • : 
• * j 

• / : 
s 4 

  Run A,   12.5-ln.-diameter • 
i 

• / 

r ej chauat nozzle 

in B,   12.0-ln.-diameter 
[haust nozzle 

j 

Ö • : 
'•J i 

0 .4 .8 1.2 1.6 2.0 
Corrected Injected water flow, wwV5~/4.  lb/see 

(f)    Compressor-outlet total pressure. 
Figure 5.   - Concluded.     Engine performance for various  injected water 

flows for runs A and B.    Corrected  rotor speed,   16,500 rpm;  cowl-inlet 
air temperature,   53*° to 540° R. 



* 

32- 

NACA  RM No.   E7G23 Fig.   6a, t) 

1600 

1500 

1400 

o 1300 

HATIONAL   ADVISORY 
CCMMITTH r« AHOHAUTICS 

i j 
| 

i • 

1 * 
: No Injection 

; 

1 : 
• ; 

(a)    Thrust. 

I 

1 

; j 

j 
• 

j 
No injection 

j 
; 

j 
; 

; • 

.uii 

•      1750il 

mm 
».&     1700 

1650 

" 1600 
0 .1 .2 .3 .« .5 .6 

Corrected  Injected alcohol flow In mixture,  walV* /ta 
lb/sac 

(b)    Tall-pipe  Indicated gat  temperature. 
Figure 6.   - Engine performance  for various water-alcohol  mixtures  in- 

jected during   run  0.     Corrected total  mixture  flow,  approximately 0.52 
pound per second;  corrected  rotor speed,   16,000 rpm;  exhaust-nozzle 
diameter,   12.0  inches;  cowl-inlet air temperature,   557° to 549° R. 



1$ 

Fig.   6c,d 

9    2000 

Ü 
V   1800 

£    1600  r 

NACA  RM  No.   E7G23 

u   1200 

NATIONAL ADVISORY 
COMMITTEE FOB ACNONAUT ICS 

; 1 
: ! 

Sj r Constant-throttlc-settlnK water-alcohol mixture     : 

i 
2i C ! 

•Tlo InJeetlonV s 
i 

I ^ s I 
\ V v | 
" 

\ 
•». 

| 
\ s s | 

i i 

u «    1 

(o) Fual ri i»". 

; 

! 
I 

.2 
: • 

i 

1 
•b ! : 

: No injection 
.4 

1 

0 : 
iuT 

.1 .2 .3 .4 .5 .6 
Corrected  Injected alcohol flow In mixture, waJ V"~/*, 

lb/sec 
(d)    Total  liquid consumption. 

Figure 6.  - Continuad.     Engine performance for various water-alcohol 
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